In Arabidopsis, the MYC2-family basic helix-loop-helix transcription factors mediate transcriptional regulation of jasmonate-responsive genes, and their transcriptional activities are suppressed by physical interactions with jasmonate-ZIM domain (JAZ) proteins. Jasmonate-inducible nicotine formation in Nicotiana plants has been shown to be suppressed by tobacco JAZ proteins, and be regulated by both MYC2-related and NIC2-locus ethylene response factor (ERF) transcription factors. We here show that tobacco MYC2 (NtMYC2) recognizes the G-box sequences, 5 0 -CAC(G/A)T(G/T)-3 0 , found in the proximal promoter regions of several nicotine biosynthesis genes, including Putrescine N-Methyltransferase 2 (PMT2) and Quinolinate Phosphoribosyltransferase 2 (QPT2). Transient transactivation assays using cultured tobacco cells showed that NtMYC2 and NIC2-locus ERF189 additively activated the PMT2 and QPT2 promoters depending on their cognate binding sites. RNA interference (RNAi) silencing of NtMYC2 in tobacco hairy roots strongly decreased transcript levels of jasmonate-responsive structural genes, including those involved in nicotine biosynthesis, as well as the NIC2-locus ERF genes. Conversely, ERF189 was not required for the expression of NtMYC2. NtMYC2, but not ERF189, interacted with tobacoo JAZs in a yeast two-hybrid assay. These results indicate that NtMYC2 controls nicotine biosynthesis genes in two combinatorial ways, by directly binding the G-box in the target promoters and by up-regulating the NIC2-locus ERF genes.
Introduction
In plants, jasmonic acid and its oxylipin derivatives, collectively called jasmonates, play important signaling roles in a number of developmental processes and defense responses against abiotic and biotic stresses (Browse 2009 ). The jasmonate signal stimulates the dynamic reprogramming of the transcriptional profiles, which are required for diverse physiological responses (Pauwels et al. 2009 ). A basic helix-loop-helix (bHLH) transcription factor MYC2 of Arabidopsis thaliana and its close homologs in other plants regulate a broad array of jasmonate-responsive genes by directly binding to the G-box-related sequences in the promoters of jasmonate-responsive genes (Chini et al. 2007) . A central regulatory role for MYC2 in jasmonate signaling has been supported by the fact that many, but not all, jasmonate responses and jasmonate-responsive gene expression are impaired by the loss of function in MYC2 (Dombrecht et al. 2007 ). In the absence of jasmonates, jasmonate-ZIM domain protein (JAZ) binds to MYC2, and suppresses its transcriptional activity by recruiting the Groucho/ Tup1-type co-repressors, including TOPLESS, through an interaction with an adaptor protein NINJA (Pauwels et al. 2010) . When a bioactive jasmonate, jasmonoyl-L-isoleucine (JA-Ile), is perceived by a receptor complex formed by the CORONATINE INSENSITIVE 1 (COI1) and JAZ proteins, JAZs are believed to be ubiquitinated by the SCF-type E3 ubiquitin ligase complex containing the F-box protein COI1, and then degraded by the 26S proteasome (Chini et al. 2007 , Thines et al. 2007 , Sheard et al. 2010 . Proteasomal digestion of JAZs leads to release and activation of MYC2 (Chini et al. 2007 ).
In Arabidopsis, MYC2 forms a distinct clade with MYC3, MYC4 and bHLH28 ( Fig. 1) , within the subfamily 2 among 167 bHLH members (Carretero-Paulet et al. 2010 ). MYC3 and MYC4 interact with JAZ proteins and form heterodimers with MYC2 (Cheng et al. 2011 , Fernández-Calvo et al. 2011 ).
Loss-of-function mutations in MYC3 and MYC4 indicated that these bHLH proteins act additively with MYC2 to regulate different subsets of the jasmonate-dependent transcriptional response (Cheng et al. 2011 , Fernández-Calvo et al. 2011 . The remaining member of the MYC2 clade, bHLH28, does not interact with JAZ proteins (Fernández-Calvo et al. 2011) , indicating that this bHLH protein is not involved in the COI1-JAZ-mediated jasmonate response. A rice JAZ-interacting protein, OsbHLH148, is involved in jasmonate response leading to drought tolerance (Seo et al. 2011 ), but belongs to a different bHLH subfamily 7 (Carretero-Paulet et al. 2010) . bHLH-type transcription factors are not the only JAZ interactors. Recently, R2R3-type MYB transcription factors, MYB21 and MYB24, were found to interact with several JAZ proteins, and regulate jasmonate-responsive genes involved in anther development and filament elongation in Arabidopsis . These studies suggest that although the MYC2-clade bHLH proteins are major mediators of the jasmonate response in plants, other JAZ-interacting transcription factors appear to mediate subsets of jasmonate-responsive gene expression.
Synthesis of various defense-related secondary metabolites is often enhanced in response to pathogens or insect attacks, and may be mediated by the jasmonate signaling cascade (Gundlach et al. 1992, Howe and Jander 2008) . In Nicotiana tabacum (tobacco) and other Nicotiana species, nicotine is synthesized as a defensive compound against insect herbivores (Baldwin, 1998) . Herbivory and wounding trigger a rapid increase of jasmonate in the damaged leaf, which subsequently causes a jasmonate response in the root in the form of increased nicotine synthesis (Baldwin, 1989 , Baldwin et al. 1994 ). All the known structural genes encoding enzymes or transporters involved in nicotine accumulation (Supplementary Fig. S1 ) are up-regulated in the tobacco roots by jasmonate treatment (Shoji and Hashimoto 2011a) . Knockdown of tobacco COI1 and ectopic expression of a non-degradable form of tobacco JAZ in tobacco indicated that the conserved tobacco orthologs of COI1 and JAZ proteins transmit jasmonate signaling to activate nicotine biosynthesis genes (Shoji et al. 2008) .
After jasmonate is perceived by the COI1-JAZ complex and JAZ repressors are degraded, how tobacco transcription factors are activated to induce gene expression of nicotine-related structural genes is not fully understood. The regulatory NIC2 locus that controls nicotine levels in the tobacco leaf is a composite locus containing at least seven closely related transcription factors of an ethylene response factor (ERF) family, belonging to clade 2 in the group IXa ERF subfamily (Shoji et al. 2010) . These NIC2-locus ERFs, including ERF189, recognize Fig. 1 A phylogenic tree of MYC2-clade bHLH proteins based on the alignment of their full-length coding sequences. The tree was generated using MEGA4 software (Tamura et al. 2007 ) with the Neighbor-Joining algorithm. Bootstrap values are indicated at branch nodes, and the scale bar indicates the number of amino acid substitutions per site. NtMYC1a (GQ859159), NtMYC1b (GQ859160), NtMYC2a (GQ859161) and NtMYC2b (GQ859162) in the boxes are from N. tabacum (tobacco), NbbHLH1 (GQ859152) and NbbHLH2 (GQ859153) are from N. benthamiana, StJAMYC2 (CAF74710) and StJAMYC10 (CAF74711) are from Solanum tuberosum (potato), AtMYC2 (At1g32640), AtMYC3 (At5g46760), AtMYC4 (At4g17880) and AtbHLH28 (At5g46830) are from Arabidopsis thaliana, and CrMYC2 (AF283507) is from Catharanthus roseus (periwinkle). The accession numbers in parentheses are from the Arabidopsis Genome Initiative or GenBank/EMBL.
a GCC-box element in the promoter of the tobacco PMT2 gene encoding putrescine N-methyltransferase ( Supplementary  Fig. S1 ), and specifically activate all known structural genes in the pathway (De Sutter et al. 2005 , Shoji et al. 2010 , Todd et al. 2010 , De Boer et al. 2011 . The NIC2-locus ERF genes are required for nicotine formation in tobacco, and are up-regulated by exogenous application of jasmonate (Shoji et al. 2010 ). In addition, MYC2-related bHLH proteins, NbbHLH1 and NbbHLH2, from Nicotiana benthamiana, have been shown to bind a G-box-containing element in the PMT promoter (Todd et al. 2010) and activate the promoter (De Boer et al. 2011 ). Knockdown of these bHLH genes in N. benthamiana down-regulated nicotine biosynthesis genes and decreased leaf nicotine levels (Todd et al. 2010) . It is not clear how these ERF-type and MYC2-type regulatory genes function downstream of the jasmonate-triggered JAZ degradation.
In this study, we focused on tobacco MYC2 genes, and analyzed their target cis-elements, transcription profiles in the NtMYC2-knockdown tobacco roots and physical interactions with tobacco JAZ proteins, with special references to the NIC2-locus ERF transcription factors. Our results and recent reports from other labs set a framework of transcriptional regulation for nicotine biosynthesis genes by the conserved (MYC2) and specific (ERF189) transcription factors.
Results

Binding site preference of tobacco MYC2 in vitro
There are four tobacco bHLH proteins (NtMYC1a, NtMYC1b, NtMYC2a and NtMYC2b) belonging to the Arabidopsis MYC2 clade, based on available cDNA and genome sequences in the GenBank/EMBL database ( Fig. 1, Supplementary Fig. S2 ). NtMYC1 and NtMYC2 are grouped together with NbbHLH1 and NbbHLH2 from N. benthamiana, respectively (Todd et al. 2010) . Two bHLH proteins involved in the jasmonate response in potato (StJAMYC2 and StJAMYC10; Boter et al. 2004 ) are also classified into the two subclades of Nicotiana species. Herein, we collectively refer to these four tobacco MYC2-clade proteins as tobacco MYC2.
To characterize the DNA-binding sites of tobacco MYC2 proteins, we obtained a full-length cDNA clone for NtMYC2b, and expressed recombinant tobacco MYC2 proteins in Esherichia coli. Since a full-length MYC2b protein was not produced in significant quantities, we expressed and purified a truncated version (NtMYC2bÁN) in which an N-terminal portion was deleted but the C-terminal bHLH domain was retained ( Fig. 2A) . The proximal promoter region of N. sylvestris PMT2 contains one potential binding site, designated as the G-box, for bHLH transcription factors (Shoji et al. 2000b ). This G-box element has been shown to be important for the PMT expression in vivo (Xu and Timko 2004, Oki and Hashimoto 2004) , and to be bound with recombinant NbbHLH1 and NbbHLH2 proteins (Todd et al. 2010) . Recombinant NtMYC2bÁN formed a complex with a 24 bp long PMT2 promoter fragment (À180 to À157) encompassing this G-box, as indicated by a retarded fragment mobility in the electrophoresis mobility shift assay (EMSA), but such a DNA-protein complex did not form when the last two residues (TT) of the core G-box sequence (5 0 -CACGTT-3 0 ) were replaced with CA (Fig. 2B) . Therefore, NtMYC2b binds the G-box element of the PMT2 promoter.
To determine the binding site preference more precisely, EMSA was carried out with a series of mutant probes that contained every possible nucleotide substitutions (A, T, G or C) in the G-box and the neighboring positions (À173 to À164) of the PMT2 promoter. The strength of NtMYC2bÁN binding to a set of four substituted probes was estimated by measuring the relative intensities of the DNA-protein complex, and was presented in percentages relative to the maximum value at each nucleotide position (Fig. 2C) . We also show a sequence logo graph that represents preferred nucleotides at or near the G-box (Fig. 2D) . Among the 10 nucleotide positions examined, the core 6 bp sequence showed strong binding preference for 5 0 -CA(C/T)(G/T)T(G/T)-3 0 , in which the third, fourth and sixth positions showed relaxed selectivity. The optimal binding site was predicted to be the palindromic G-box sequence, 5 0 -CACGTG-3 0 . Both the upstream and downstream nucleotides that flanked the core G-box hexamer had moderate effects on the binding activity of NtMYC2b; T and A are disfavored at the upstream and downstream flanking positions, respectively. Similar flanking sequence preferences have been reported for Arabidopsis MYC2, MYC3 and MYC4 (Femández-Calvo et al. 2011) .
Next, we used the determined binding site preference to search potential binding sites of NtMYC2 in 0.5 kb proximal 5 0 -flanking regions of nicotine enzyme and transport genes. Transcription Element Search Software (TESS; http:://www .cbil.upenn.edu./tess) was used with a weight matrix based on the NtMYC2bÁN binding preference at the G-box-containing 8 bp sequence (Fig. 2C) . Potential binding sites with TESS scores >7.0 were predicted in the proximal promoter regions of PMT2 (G1), QPT2 (G2, G3 and G4), A622 (G5) and MATE1 (G6 and G7), whereas TESS did not find high score sites in the 0.5 kb proximal 5 0 -upstream regions of ODC1, ODC2 and QPT1 (Fig. 3A) . A622 is a PIP-family reductase involved in a late step of nicotine biosynthesis (Kajikawa et al. 2009 ), ornithine decarboxylase (ODC) supplies putrescine to be incorporated into the pyrrolidine ring of nicotine, and quinolinate phosphorybosyltransferase (QPT) yields precursors for both NAD and the pyridine ring of nicotine ( Supplementary Fig. S1 ). Two closely related tonoplast-localized MATE-type transporters (MATE1 and MATE2) sequester nicotine into the tobacco vacuoles (Supplementary Fig. S1 ; Shoji et al. 2009 ). ODC and QPT genes are duplicated in the tobacco genome. QPT2 is coordinately regulated with other nicotine biosynthesis genes, whereas QPT1 may function in basal metabolism, probably in the de novo biosynthetic pathway for NAD (De Boer et al. 2011, Shoji and Hashimoto, 2011b) .
To validate the prediction, EMSA was performed with probes consisting of the predicted 8 bp binding sequences (including the central G-box core) and flanking random spacer sequences. An optimal G-box probe (G0) containing a palindromic sequence of 5 0 -GCACGTGC-3 0 was used to set the 100% reference value. All probes, except probe G7, formed DNA-protein complexes with NtMYC2bÁN (Fig. 3B) . Quantification of the binding strength ( Fig. 3C ), as done in Fig. 2C , revealed that NtMYC2b binds the G-box-related sequences (from 5 0 to 3 0 ) in the decreasing order of CACGTG (G0 and G6) > CACGTT (G1 and G2) > CACATG (G3 and G5) ! C ACATT (G4). No detectable binding of the G7 probe shows that the effective binding sequences of NtMYC2b are 5
The sequences with the same core but with different flanking nucleotides (G1 vs. G2, and G3 vs. G5) showed similar binding affinities, indicating that binding preference is determined mainly by the 6 bp core G-box sequence. To confirm the binding preference of NtMYC2b, we competed formation of the complex between the G1 probe and NtMYC2bÁN with excess amounts (150-fold) of unlabeled probes (Fig. 3D) . Effective inhibition of the complex formation was observed with the addition of excess probes in the decreasing order of G0 > G1 > G2 > G3. The results of the competition experiment ( Fig. 3D ) are thus consistent with the binding preference determined by the complex formation using individually labeled probes (Fig. 3C ).
Transient transactivation of PMT and QPT promoters in cultured tobacco cells
We next asked whether the MYC2-binding G-boxes identified in the in vitro assays are necessary for the promoter activation by tobacco MYC2b ectopically expressed in vivo. In the transient transactivation assay, a test promoter was fused to the b-glucuronidase (GUS) reporter, and was delivered into cultured tobacco BY-2 cells by particle bombardment, together with an effector plasmid (or plasmids) expressing relevant transcription factor(s) and a reference plasmid expressing luciferase. After the introduced genes were expressed transiently for 20 h, the GUS activity was measured and normalized against the luciferase activity. Since the PMT2 promoter (À236 to À1) contains the GCC-box, which is bound and activated by the NIC2-locus ERF189 (Shoji et al. 2010) , in addition to the G-box (G1), we examined transactivation effects of NtMYC2b and ERF189, individually or in combination (Fig. 4A) . The wild-type PMT2 promoter was activated 14-fold by ectopic overexpression of ERF189, as reported previously (Shoji et al. 2010) , 5.5-fold by NtMYC2b expression and 28-fold by simultaneous expression of both transcription factors, indicating that the combined effects of ERF189 and NtMYC2b are largely additive. When the GCC-box was mutated, ectopic expression of ERF189 was ineffective, whereas NtMYC2b expression still induced 2.5-fold activation. ERF189 did not cause further activation of the mutated promoter when co-expressed with NtMYC2b. Conversely, NtMYC2b was ineffective in activating the PMT2 promoter in which the G-box (G1) was mutated, alone or in combination with ERF189, whereas ERF189 activated the G1-mutated promoter 9.3-fold. When both the GCC-box and the G-box were mutated together, there was no activation of the mutated PMT2 promoter by ERF189, NtMYC2b or both. These results show that the identified GCC-box and G-box sequences are sole functional cis-elements which are targeted by ERF189 and NtMYC2, respectively, and that there are no strong synergistic effects between the two transcription factors when bound to their target cis-elements.
Next we extended our analysis to the 0.6 kb QPT2 promoter in which three NtMYC2-binding G boxes (G2, G3 and G4) were identified in the in vitro study. Transient overexpression of NtMYC2b in cultured tobacco cells activated the QPT2 promoter 5.7-fold (Fig. 4B) . When the high-affinity binding site G2 was mutated, the activation was no longer observed. Mutation in the low-affinity binding site G3 did not affect the NtMYC2-mediated activation of the QPT2 promoter, whereas mutation in the low-affinity site G4 decreased the activation to 2.6-fold. Double mutations in G3 and G4 activated the promoter 2.1-fold, a level comparable with the G4 single mutation. As expected, simultaneous mutations in G2, G3 and G4 abolished the promoter activation. These results indicate that G2 is the major functional binding site for NtMYC2b, G4 may function in a subsidiary way to strengthen the G2-mediated activation and G3 does not significantly contribute, at least to the NtMYC2b-mediated activation. Low-affinity binding sites (G3 and G4) had somewhat different effects in the in vitro DNA binding (Fig. 3) and the in vivo promoter activation (Fig. 4) . As reported for Arabidopsis MYC2 (Dombrecht et al. 2007 ), flanking sequences further upstream or downstream of the core G-box may exert subsidiary effects on the NtMYC2-mediated activation of the QPT2 promoter. Alternatively, NtMYC2a and NtMYC1 might have distinct binding affinities for the G-box variants that are slightly different from that of NtMYC2b.
We tested whether the QPT2 promoter is activated by both NtMYC2 and ERF189 (Fig. 4C) . Wild-type QPT2 promoter was activated 5.9-fold by ectopic overexpression of ERF189, 4.9-fold by NtMYC2b and 12-fold by simultaneous expression of both, indicating that the combined effects of ERF189 and NtMYC2 are additive, as in the case of the PMT2 promoter.
Knockdown of tobacco MYC2 affects gene expression in tobacco roots
To address in vivo regulatory function, NtMYC2 was downregulated by RNA interference (RNAi) in tobacco roots. For the RNAi vector, we used a 0.4 kb fragment of the NtMYC2b cDNA that was highly homologous among the tobacco MYC2 Reporter and effector constructs were delivered into cultured tobacco BY-2 cells by particle bombardment, together with a luciferase-expressing reference vector. For effectors, ERF189, NtMYC2b or both were expressed under the control of the cauliflower mosaic virus 35S promoter, while an empty vector (EV) was used as a negative control. GUS activities in the cell extracts are normalized after dividing by luciferase activities. The activation effect of effectors is shown by the fold induction relative to the EV control value in each reporter set, and significant differences were determined by Student's t-test. **P < 0.01, *P < 0.05 and ns (not significantly different). Experiments were repeated more than three times, and gave similar results. (A) Transactivation of pPMT2::GUS and its derivatives, which were mutated at the GCC-box (mGCC), G-box (mG) or both (mGCCmG), by ERF189 and/or NtMYC2b. (B) Transactivation by NtMYC2b of pQPT2::GUS and its mutant derivatives, in which single (mG2, mG3 or mG4), double (mG3/4) and triple (mG2/3/4) binding sites were mutated. (C) Transactivation of pQPT2::GUS by ERF189 and/or NtMYC2b.
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members. The quantitative real-time reverse transcription-PCR (qRT-PCR) analysis, which would amplify all four tobacco MYC2 transcripts, revealed that transcript levels of the NtMYC2 genes decreased by 77-81% in the three NtMYC2 RNAi hairy root lines (R1-R3), compared with a control line transformed with an empty vector (VC) (Fig. 5A ). General jasmonateinducible genes, such as Proteinase Inhibitor II (PI-II; Balandin et al. 1995) and Pathogenesis Related 1b (PR 1b; Ohshima et al. 1990 ), were significantly down-regulated in the RNAi lines (Fig. 5B) , which is consistent with the critical role of Arabidopsis MYC2 in controlling many jasmonate-responsive genes involved in wound and pathogen defense responses (Dombrecht et al. 2007 ). Aspartate oxidase (AO), quinolinate synthase (QS) and QPT function in the de novo NAD pathway that supplies a nicotinic acid-derived precursor for nicotine (Sinclair et al. 2000 , Katoh et al. 2006 , whereas PMT, N-methylputrescine oxidase (MPO; Heim et al. 2007 , Katoh et al. 2007 ), A622 and berberine bridge enzyme-like proteins (BBLs; Kajikawa et al. 2011 ) catalyze reactions in the nicotine-specific biosynthetic pathway ( Supplementary Fig. S1 ). These metabolic genes and the MATE-type transporter genes (MATE1/2) were strongly down-regulated by NtMYC2 suppression (Fig. 5B) . Tobacco ODC genes partly function to supply the putrescine precursor to the nicotine pathway (Supplementary Fig. S1 ; Imanishi et al. 1998) , and have been reported to be jasmonate inducible and be partly regulated by the NIC2-locus ERF genes (Shoji et al. 2010 ). Down-regulation of tobacco ODC genes in the RNAi lines was rather modest, possibly reflecting no predictable MYC2-binding sites in the proximal promoter regions of ODC1 and ODC2 (see above). Arginine decarboxylase (ADC) potentially supplies the putrescine precursor to the nicotine pathway ( Supplementary Fig.  S1 ), but its involvement in nicotine biosynthesis appears to be limited (see Chintapakorn and Hamill 2007 , Shoji et al. 2010 , De Boer et al. 2011 ). We observed a modest decrease of ADC transcripts in the MYC2 RNAi lines (Fig. 5B) , as reported in NbbHLH1/2-knockdown lines of N. benthamiana (Todd et al. 2010) . SPDS (spermidine synthase) does not respond to jasmonate (Shoji et al. 2010) , and was not down-regulated by MYC2 suppression (Fig. 5B) . In accordance with strong downregulation of nicotine biosynthesis genes, the contents of nicotine and related pyridine alkaloids were drastically reduced in the MYC2 RNAi lines ( Supplementary Fig. S3 ). Since NIC2-locus ERF genes and closely related ERF genes are induced by jasmonate (Shoji et al. 2010) , we asked whether these ERF genes are regulated by tobacco MYC2 (Fig. 5C) . In some cases, our qRT-PCR analysis amplified closely related ERF members altogether (Shoji et al. 2010 ). All the clade 2 ERF genes including ERF189 were strongly down-regulated in the three MYC2 RNAi hairy root lines. In contrast, a clade 1 ERF gene, ERF10 (also called JAP1; De Sutter et al. 2005) , which was ineffective in regulating nicotine biosynthesis genes (De Boer et al. 2011), was not considerably affected by the MYC2 suppression. These results indicate that tobacco MYC2 regulates, directly or indirectly, expression of select members of ERF-family transcription factor genes, including the NIC2-locus ERFs.
Expression patterns of NtMYC2
Expression patterns of tobacco MYC2 genes were analyzed by qRT-PCR. In 7-week-old tobacco plants grown on soil. NtMYC2 was expressed in flowers, leaves, stems and roots, and the relative abundance of the NtMYC2 transcripts was approximately four times higher in the nicotine-producing roots than in the other organs (Fig. 6A) .
Methyl jasmonate (MeJA) coordinately up-regulates expression of structural genes involved in nicotine biosynthesis and transport (Shoji and Hashimoto 2011a) , while ethylene and its natural precursor 1-aminocyclopropane-1-carboxylic acid (ACC) act antagonistically with the jasmonate signaling pathway to suppress jasmonate-mediated induction of nicotine biosynthesis genes (Shoji et al. 2000a, Winz and Baldwin 2001) . The late phase, but not the immediately early phase, in the bimodal jasmonate-mediated induction of the NIC2-locus ERF genes is also repressed by ethylene (Shoji et al. 2010) . We examined the time courses of MeJA-mediated induction of NtMYC2, in the presence or absence of ACC, in cultured tobacco roots (Fig. 6B) . The MYC2 transcript levels rapidly increased 5-fold within 30 min after MeJA application, declined moderately after 1.5 h, and gradually increased after 4 h. The effect of ACC treatment on the MeJA-induced MYC2 expression was marginal; the simultaneous treatment with ACC and MeJA increased the MYC2 transcript levels at most by 40%, compared with the treatment with MeJA alone. ACC alone did not considerably affect the expression of MYC2.
In the roots of wild-type, nic1, nic2 and nic1 nic2 plants, NtMYC2 transcript levels were not significantly different (Fig. 6C) , indicating that the NIC regulatory loci of nicotine biosynthesis do not regulate MYC2 gene expression. When transcriptional functions of the NIC2-locus ERF genes were inhibited by constitutively expressing a dominant-negative form of ERF189 (ERF189-EAR) in three tobacco hairy root lines (D1, D2 and D3), nicotine biosynthesis genes were effectively suppressed (Shoji et al. 2010) . In these root lines, expression of NtMYC2 was not affected significantly (Fig. 6D) . Therefore, the NIC2-locus ERF genes do not regulate NtMYC2.
NtMYC2, but not ERF189, interacts with tobacco JAZ repressors in yeast
We performed a yeast two-hybrid assay to analyze direct interaction between NtMYC2 and tobacco JAZ (NtJAZ) proteins. Full-length coding sequences of NtMYC2b and three NtJAZs (NtJAZ1, NtJAZ2 and NtJAZ3; Shoji et al. 2008) were respectively fused with a transcriptional activation domain (AD) in a prey vector and a DNA-binding domain (BD) in a bait vector, and were expressed in prey-bait pairs in yeast (Fig. 7A) . Yeast growth on the selective medium lacking histidine and adenine detected interactions between NtMYC2 and all three NtJAZs (Fig. 7B) . The bHLH DNA-binding domains in the C-termini of Arabidopsis MYC2, MYC3 and MYC4 are dispensable (Chini et al. 2009 , Fernández-Calvo et al. 2011 ) but the Jas domains conserved among divergent Arabidopsis JAZ members are required for the MYC-JAZ interactions (Melotto et al. 2008 , Chini et al. 2009 ). These functional domains are well conserved in the tobacco counterparts ( Fig. 7A ; Shoji et al. 2008) . When the C-terminal bHLH domain was deleted, NtMYC2bÁC still showed robust interaction with NtJAZ1, whereas the JAZ1 mutant lacking the Jas domain (NtJAZ1ÁJas) did not interact with NtMYC2bÁC (Fig. 7C) nor with full-length NtMYC2b (data not shown). Since some Arabidopsis JAZ members functionally interact with non-bHLH-type transcription factors , we examined whether ERF189 and tobacco JAZ proteins interact in yeast. As shown in Fig. 7D , ERF189 did not interact with three NtJAZ proteins. Because both NtMYC2b and ERF189 autoactivated the reporters when used alone as baits (data not shown), they were used only in the prey vectors. We also ensured that the test proteins were expressed in yeast by immunoblot analysis (Supplementary Fig. S4 ). These results indicate that interactions between MYC2 and JAZ are conserved in tobacco.
Discussion
Arabidopsis and tobacco MYC2 genes are orthologs
Primary structures of Arabidopsis and tobacco MYC2-clade proteins (MYC2, MYC3 and MYC4 from Arabidopsis, and NtMYC1a/b and NtMYC2a/b from tobacco) show high sequence similarity in the bHLH DNA-binding domains (98% identity; Toledo-Ortiz et al. 2003) , as well as in the full-length coding regions (Fig. 1) . Arabidopsis MYC2, MYC3 and MYC4 show the strongest binding affinity toward the CACGTG palindromic hexamer (G-box), but display slightly different affinities for the G-box variants (Fernández-Calvo et al. 2011) . Likewise, NtMYC2b prefers to bind the canonical G-box, but also shows considerable affinity for distinct G-box variants (Fig. 2) . DNA sequences that flank the core G-box hexamer influence the DNA binding capacity of Arabidopsis MYC2, MYC3 and MYC4 (Dombrecht et al. 2007 , Femández-Calvo et al. 2011 , and similar flanking sequence preferences are found for NtMYC2b (Fig. 2) . These results show that the MYC2-clade bHLH proteins from Arabidopsis and tobacco bind the palindromic G-box sequence with high affinities, while individual members may recognize a slightly different subset of G-box variants. A hallmark of Arabidopsis MYC2, MYC3 and MYC4 is their interaction with many of the 12-member Arabidopsis JAZ proteins, via the conserved Jas motif (Staswick 2008 , Fernández-Calvo et al. 2011 . Physical association with JAZ repressors recruits MYC2-clade proteins into the jasmonate-dependent COI1-JAZ signaling cascade (Staswick 2008) . Three distinct tobacco JAZ proteins interacted with NtMYC2b in the yeast two-hybrid assay, which involved the Jas motif of tobacco JAZ1 (Fig. 7) . A similar assay also showed that NbbHLH1 interacts with tobacco JAZ1 (De Boer et al. 2011) . Thus, Nicotiana MYC2-clade bHLH proteins appear to be controlled by the JAZ-mediated regulatory mechanisms. In the absence of bioactive jasmonates, Arabidopsis JAZ proteins actively repress gene expression by recruiting the TOPLESS-related corepressors through an adaptor protein (Krogan and Long 2009, Pauwels et al. 2010) . Whether tobacco MYC2 proteins repress non-induced expression levels of jasmonate-responsive target genes by chromatin remodeling factors remains to be determined.
Tobacco MYC2 and NIC2-locus ERFs are key regulators of nicotine biosynthesis
Knockdown of tobacco MYC2 genes (this study) or N. benthamiana NbbHLH1/2 genes (Todd et al. 2010) dramatically reduced the expression levels of nicotine biosynthesis genes in the root. Interestingly, we found that down-regulation of NtMYC2 also suppresses expression of the jasmonateresponsive NIC2-locus ERF genes, whereas suppression of these NIC2-locus ERF genes does not affect expression of NtMYC2. Tobacco PMT and QPT2 genes both contained functional GCC-box and G-box sequences in their proximal promoter regions, which were transactivated by ectopic overexpression of NIC2-locus ERFs (ERF189 and ERF221/ORC1) or MYC2-clade bHLHs (NtMYC2b and NbbHLH1) in cultured tobacco cells or protoplasts (Shoji et al. 2010 , De Boer et al. 2011 , Shoji and Hashimoto 2011b . Optimal transactivation of the promoters required both the ERF189-type and MYC2-type transcription factors, although the effects of these trans-factors were mostly additive in transient overexpression assays. Based on these and other results reported in this study and the recent literature, we propose the following model for jasmonate-inducible gene expression by two types of transcription factors in nicotine biosynthesis.
In the ground state without the jasmonate signaling (Fig. 8A) , the G-box in the promoters of nicotine biosynthesis genes, such as PMT, is bound by the MYC2-JAZ complex which recruits chromatin remodeling factors to repress the MYC2-target genes actively. The NIC2-locus ERF genes are not expressed. We do not know whether the repressive MYC2-JAZ complex contributes to the very low expression levels of these ERF genes in the jasmonate-uninduced state, although low or high affinity binding sites for NtMYC2 are predicted in the available promoter regions of four NIC2-locus ERF genes, ERF29, ERF130, ERF189 and ERF199 (our unpublished results). Tobacco BY-2 cells cultured in the absence of exogenously supplied jasmonates may be in such a repressive state. Constitutive overexpression of an NIC2-locus ERF (ERF221/ ORC1) in the BY-2 cell cultures did not induce nicotine formation (De Boer et al. 2011) , probably because nicotine biosynthesis genes were actively repressed by the MYC2-JAZ complex.
When the bioactive jasmonate, JA-Ile, is perceived by the COI1-JAZ receptor complex, JAZ proteins are degraded.
This releases an active NtMYC2, which may partly activate PMT and other nicotine biosynthesis genes (Fig. 8B) . Full activation of the target genes, however, requires binding of NIC2-locus ERF transcriptional activators at their cognate GCC-box in the same promoters. NtMYC2 is necessary for jasmonate-induced expression of the NIC2-locus ERF genes. Regulation of these ERF genes by NtMYC2 may be direct or indirect, via unknown intermediary factors. In terpenoid indole alkaloid biosynthesis in Catharanthus roseus, CrMYC2 (see Fig. 1 ) directly activates jasmonate-responsive expression of ORCA3, encoding an ERF transcription factor closely related to the NIC2-locus ERFs . Since NIC2-locus ERF genes display transcriptional and function diversity (Shoji et al. 2010) , there may be hierarchical or combinatorial transcriptional networks in response to the NtMYC2 regulation among these ERF genes.
In this model, NtMYC2 is proposed to fulfill three distinct roles: by directly repressing the target genes under the uninduced conditions; directly activating them in the jasmonate-induced conditions; and inducing specific ERF genes for nicotine biosynthesis. Transient transactivation assays involving plasmid-resident test promoters will not suffice to appreciate the contributions of these potential roles correctly, but we need to examine transgenic tobacco cells in which test promoters are integrated into particular chromosomal loci. Combining two distinct cis-elements, which are targeted either by the generally acting central regulator of the jasmonate response (MYC2) or by the nicotine-specific ERF transcription factors, in single promoters may greatly enhance the specificity and responsiveness of nicotine biosynthesis genes to jasmonate signals.
Materials and Methods
Plant materials
Sterilized seeds of tobacco (N. tabacum) were germinated and grown to seedlings under continuous illumination on half-strength Gamborg B5 medium solidified with 3% (w/v) gellan gum and supplemented with 0.3% (w/v) sucrose. Two-week-old plants were transferred to soil in pots to grow to maturity in the greenhouse. The tobacco cultivar Petit Havana line SR1 was used in all the experiments except that a genotype set of wild-type, nic1, nic2 and nic1nic2 was in the Burley 21 cultivar. To elicit tobacco hairy roots, MeJA and ACC were directly added to the 3-day-old cultures to a final concentration of 100 mM.
Plant transformation
After a cDNA fragment of NtMYC2b-1 (corresponding to amino acid residues 14-148) was inserted into the BamHI and KpnI sites in front of the PDK intron in the pHANNIBAL vector (Wesley et al. 2001) , the same cDNA fragment in a reverse orientation was cloned between the ClaI and XbaI sites just after the intron. The resultant RNAi expression cassette was then cloned into pBI121 at the BamHI and SacI sites. Transgenic tobacco hairy roots were generated by infecting tobacco leaf discs with Agrobacterium rhizogenes ATCC15834 harboring the NtMYC2 RNAi vector. Bacteria were removed by subculturing the rapidly growing roots three times every week on solidified Murashige and Skoog medium containing 250 mg l À1 cefotaxime sodium and 100 mg l À1 kanamycin sulfate. Disinfected roots were maintained by subculturing every 2 weeks in 100 ml glass flasks filled with 35 ml of liquid Gamborg B5 medium with shaking at 80 r.p.m. in the dark.
Quantitative RT-PCR analysis
qRT-PCR was done as described by Shoji et al. (2010) . Briefly, after tobacco samples were ground in liquid nitrogen to fine powder, total RNA was isolated by an RNeasy Mini Kit (Qiagen). RNAs were converted to first-strand cDNAs by SuperScriptII reverse transcriptase (Invitrogen) with an oligo(dT) primer. cDNAs were amplified using LightCycler 480 (Roche) with SYBR Premix Ex Taq (TAKARA) with the primer sets (Supplementary Table S1 ). EF1 (GenBank/EMBL accession No. D63396) was used as a reference gene. Each assay was repeated at least three times.
EMSA
A portion of NtMYC2 cDNA (corresponding to amino acid residues 422-658) was cloned in pET32b (Novagen) at the BamHI and SacI sites to express a recombinant NtMYC2ÁN protein which had thioredoxin, an S-tag and a His-tag in tandem at the N-terminal end. Recombinant protein was expressed in Escherichia coli BL21 Star (DE3) (Novagen), affinity purified and quantified (Shoji et al. 2010) . The sequences of the sense and antisense oligonucleotides used for probes are listed in Supplementary Table S2 . The synthesis of double-stranded oligonucleotide probes, DNA-protein binding assay, gel separation and detection of the DNA-protein complexes have been described (Shoji et al. 2010 ).
Computational analysis
The binding strength of recombinant NtMYC2ÁN to the 10 bp sequence around the G-box in the PMT2 promoter (À173 to À164) was shown as hypothetical 100 sequences. The sequences were multi-aligned by WebLogo (Crooks et al. 2004) to create a sequence log. Transcriptional Element Search Software (http://www.cbil.uppenn.edu./tess) was used to search putative G-boxes in the query promoter sequences by weigh matrix scoring. Weight matrices adapted the numerical values reflecting binding preferences at a central 8 bp G-box sequence in Fig. 2C . Minimum log likelihood ratio and maximum log likelihood deficit were set to 2.0 and 8.0, respectively, and the expert parameters were used in the default setting.
Transient transactivation assay
Promoter region QPT2 (À626 to À1; numbered from the first ATG) was amplified by PCR from the tobacco genome, and was inserted into the HindIII and BamHI sites just upstream of the GUS sequence in pBI221 to generate pQPT2::GUS. The pBI221-based pPMT2::GUS containing the PMT2 promoter (À236 to À1) has been described (Shoji et al. 2010) . Mutations were introduced at the relevant G-and GCC-boxes by PCR-based site-directed mutagenesis (Hemsley et al. 1989 ) using high-fidelity Pyrobest or Prime Star Max DNA polymerases (TAKARA) with the primers described in Supplementary  Table S3 . Multiple mutations in the promoter were introduced by repeating the mutagenesis. A 35S::LUC vector harboring firefly luciferase under the control of the cauliflower mosaic virus 35S promoter was co-transformed as an internal standard. Particle bombardment and measurements of GUS and luciferase activities in extracts of the bombarded tobacco BY-2 cells have been described (Shoji et al. 2010 ).
Yeast two-hybrid assay
Full-length or partial length coding regions of NtMYC2b, NtJAZ1, NtJAZ2 and NtJAZ3 were amplified by Prime Star Max DNA polymerase (TAKARA) from the cloned cDNAs using the primers containing appropriate restriction sites at their ends, and were inserted into pGADT7AD at the ClaI and BamHI sites for NtMYC2b and NtMYC2bÁC (containing amino acid residues 1-325), into pGBKT7 at the EcoRI and BamHI sites for NtJAZ1 and NtJAZ3, and at the BamHI and SalI sites for NtJAZ2. To generate the NtJAZ1ÁJas construct, a portion of the Jas motif (amino acid residues 181-207) was eliminated by PCR-based mutagenesis with a pair of primiers, 5 0 -TAAATCAGCAACACTGGATTGTG-3 0 and 5 0 -TGCAACAAA AAAATAGCAGATTCTAAG-3 0 . After the prey and bait plasmids were co-transformed into Saccharomyces cerevisiae Y2HGold strain (Clontech) following a lithium acetate protocol, the transformed colonies were grown on agar plates containing the yeast synthetic dropout medium lacking tryptophan and leucine. Yeast cells were grown in the same liquid medium for 16 h. After the cell density was adjusted among the samples, a dilution series of yeast cell suspensions were spotted on agar plates containing the yeast synthetic dropout medium lacking adenine, histidine, tryptophan and leucine. The agar plates were incubated for 2-4 d at 30
C. At least six independent colonies were examined for every prey-bait combination.
Supplementary data
Supplementary data are available at PCP online.
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